The reactions of a-amino acids and a-amino acid esters with high valent transition metal halides: synthesis of coordination complexes, activation processes and stabilization of a-ammonium acylchloride cations † Nb, Ta), these reactions proceeding with the release of EtF and EtBr, respectively. All the metal products were characterized by analytical and spectroscopic methods, while DFT calculations were carried out in order to provide insight into the structural and mechanistic aspects.
Introduction a-Amino acids constitute a class of organic compounds arousing great interest in synthetic chemistry, in view of their easy availability and low toxicity, 1 the typical presence of a stereogenic centre (making them suitable substrates for asymmetric catalysis) 2 and the possibility of rmly coordinating metal ions.
3
The esterication of the carboxylic acid moiety is one of the most viable modications of the a-amino acid skeleton, and indeed a good number of a-amino acid esters have been synthesized and employed with reference to several application elds.
4 Metal complexes containing a-amino acid esters as ligands are especially relevant to bio-inorganic chemistry, being useful to the synthesis of peptides, 5, 6 as biological models, 7 and as scaffolds for the development of new drugs.
8 Furthermore, aamino acids and a-amino acid ester metal complexes, being possible chiral sources, 9 have found increasing attention as privileged, potential catalysts for environmentally friendly asymmetric syntheses.
2h,10
It is noteworthy that the large majority of these studies refer to middle to late transition metals, whereas very little is known about the parallel chemistry with early transition metal compounds. In particular, the homoleptic halides of high valent elements (oxidation state $ 4) belonging to groups 4, 5 and 6, HVTMH, are strongly oxophilic species, usually very air sensitive and incompatible with water. This characteristic has probably discouraged the linking with an "opposite world", i.e. the exploration of the reactivity with a-amino acids, which in turn exhibit high water affinity, and their simple derivatives such as a-amino acid esters.
As a matter of fact, the coordination chemistry of HVTMH with a-amino acid esters still remains an unexplored eld of research, with the exception of a former synthetic study regarding MoCl 5 .
11 Similarly, the only information available up to 2014 on the interaction of HVTMH with a-amino acids, in the absence of further reactants, is a note dealing with the reactivity of TiCl 4 with glycine. 12 In all of the cases, the structural characterization of the products relied on limited data.
Recently, in the framework of our interest in the chemistry of HVTMH with naturally occurring compounds, 13 we have found that MoCl 5 and WCl 6 behave as chlorinating agents towards natural a-amino acids, affording fairly stable a-ammonium acylchloride salts.
14 On the other hand, the interaction of MX 5 (M ¼ Nb, Ta; X ¼ Cl, Br) with a-amino acids leads to dinuclear complexes containing bridging a-amino acidato ligands via HX release.
15
Subsequent activation of the coordinated a-amino acidato moiety has been observed in mild conditions in some specic cases, leading to iminium salts.
Herein, we will present an extension of our study on the reactivity between a-amino acids and HVTMH, including the synthesis of TiCl 4 derivatives, the unprecedented metal mediated C-C dimerization of a a-amino acid (L-proline) and the stabilization of otherwise reactive a-ammonium acylchloride cations. We will also describe some reactivity of a-amino acid ester with niobium and tantalum pentahalides. 16, 17 All the reactions were carried out in a weakly coordinating solvent (CH 2 Cl 2 ) by using enantiopure L-organic reactants in case. The metal products were characterized by elemental analysis, IR and NMR spectroscopy, while DFT calculations assisted the structural characterization. A DFT study was performed also in order to shed some light on the NbCl 5 -directed unusual L-proline pseudo dimerization.
Results and discussion
Reactivity of MCl n with a-amino acids Titanium tetrachloride. Titanium tetrachloride smoothly reacted with a series of a-amino acids in dichloromethane affording moisture sensitive, yellow to orange solid materials 1a-d, in 70 to 78% yields (Scheme 1). Compounds 1 are coordination adducts: in this respect, the reactivity of TiCl 4 with a-amino acids differs from that of MCl 5 (M ¼ Nb, Ta), featured by HCl release, 15 and from those of MoCl 5 and WCl 6 , leading to Cl/O interchange products (see Introduction).
14 Compounds 1a-d were characterized by analytical and spectroscopic methods. The IR spectra (solid state) contain one medium and one strong intensity absorption in the range 1600-1400 cm À1 . These two absorptions are due, respectively, to the asymmetric (n a ) and the symmetric (n s ) stretching vibrations of the carboxylato group. In general, the wavenumber difference (Dn a-s ¼ n a À n s ) is considered as a useful parameter to discriminate between monodentate, chelating, and bridging bidentate carboxylato ligands. Dn a-s values within the range 100 to 150 cm À1 are typical of either chelating or bridging bidentate carboxylates. 18 In view of the IR data available for 1a-d, i.e. Dn a-s varies between 103 (1a) and 135 (1d) cm À1 , and the DFT results (vide infra), we propose a bridging bidentate-coordination fashion. This implies that the amino acid ligand should be coordinated to titanium as a zwitterion. Accordingly, a broad IR absorption is observed at 3091 cm À1 in the IR spectrum of 1d, assigned to ammonium N-H stretching vibration. The geometry proposed on the basis of spectroscopic data was supported by DFT calculations on the possible isomers of 1b. The dinuclear structure [TiCl 4 (m-k 2 O-O 2 CCH(CH 2 Ph)NH 3 )] 2 , depicted in Fig. 1 , resulted meaningfully more stable than mononuclear structures (see Fig. S1 given as ESI †).
Compounds 1a-d display low solubility in common organic solvents. The NMR spectra were recorded in CD 3 CN, displaying single sets of resonances. The 1 H NMR spectra exhibit broad Scheme 1 Synthesis of titanium tetrachloride a-amino acid complexes. 
15
The coordination of organic species to high valent transition metal chlorides represents, in a number of cases, the preliminary step of some activation process.
13c, 19 The activation is favoured by the strong Lewis acidity of the metal centre, and may be triggered by the addition of a Brönsted base. For instance, Peryshkov and coworkers recently described a C-H bond activation reaction of nitriles by means of NEt 3 upon coordination to TaCl 5 .
20
Thus, the reaction of 1b with NEt 3 proceeded with selective deprotonation of the ammonium group; analogous result was achieved by treatment of a TiCl 4 /L-N,N-dimethylphenylalanine mixture with NEt 3 (Scheme 2). 21 The reactions of 1a,c,d with NEt 3 were not straightforward, leading to non identied compounds; the solid isolated from 1a/NEt 3 revealed to be paramagnetic.
The CH 2 Cl 2 soluble compounds 2a-b (Scheme 2) were isolated by addition of hexane to the respective reaction mixtures.
22
The 1 H NMR spectra of 2a-b display a low eld resonance accounting for the triethylammonium proton (e.g. at 9.09 ppm in the case of 2a); the resonances of the N-bound protons within the anion undergo signicant upeld shi on going from the amino acid unit in 1b to the amino acidate one in 2b (Dd > 3 ppm). The IR spectra of 2a-b exhibit a strong absorption around 1700 cm À1 : this evidence suggests O,N-coordination of the aminoacidate moiety, leaving a uncoordinated C]O bond. The geometries of the 2a,b anions were DFT optimized, on considering either mononuclear and dinuclear structures as starting points (Fig. S2 †) . Thus, mononuclear compounds bearing N,Ochelating a-aminoacidates (Fig. 2 ) resulted much more stable than dinuclear homologues (see ESI † for more details). Niobium pentachloride. We reported that the 2 : 1 reactions of NbX 5 (X ¼ Cl, Br) with a variety of a-amino acids afforded dinuclear a-aminoacidate complexes via HCl release. The addition of a further equivalent of organic reactant resulted in the decarboxylation of one amino acidate moiety, with consequent formation of iminium salts and Nb-formate species (see Scheme 3, showing the specic case of N,N-dimethylphenylalanine).
15
With the aim of exploring the possibility of further activation pathways, we investigated the reactions of Nb 2 Cl 9 (a-amino acidate) complexes with NEt 3 . In general, the amino acidate moiety did not undergo activation under these conditions, with an exception provided by the Nb 2 Cl 9 (L-prolinate)/NEt 3 system. This latter evolved into a complicated mixture of products, including minor amounts of , 3. The X-ray structure of 3 is shown in Fig. 3 , with relevant bonding parameters listed in Table 1 ; the X-ray structure of 4 is given as ESI ( Fig. S3 ; Tables S1A and S1B †).
Complex 3 displays crystallographic 1 (C i ) symmetry with the inversion centre located on the middle of the C(1)-C(1_1) bond. The complex is composed of an unprecedented anionic ligand (E-1,2-bis(3,4-dihydro-2H-pyrrol-5-yl)ethene-1,2-diolate) that is m-k 2 O,k 2 N-coordinated over two [NbCl 4 ] + cationic fragments. Such anionic ligand is almost perfectly planar (mean deviation from the least squares plane 0.0387Å), being the two Nb atoms respectively 0.1879Å above and below this plane. C(1), C(2) and N(1) [sum angles 360.0(9), 360.0(7) and 360.0 (6) , respectively] show a perfect sp 2 hybridization, and the C(1)-C(1_1) [1.357(6)Å] and C(2)-N(1) [1.276(6) A] distances are typical for double bonds.
23
The {C 2 O 2 } core of the (E)-1,2-bis(3,4-dihydro-2H-pyrrol-5-yl) ethene-1,2-diolate ligand in 3 is a fully deprotonated 1,2-enediol. In general, 1,2-enediols are quite unstable species, 24 whose stabilization may be supplied by hydrogen-bonded protons, 25 or by chelating (N,O) coordination to transition metals.
26
Basically, the process leading to 3 is a C-C bond forming condensation of two proline units (Scheme 5A). Differently, typical a-amino acid condensation generates a peptide bond (Scheme 5B).
27
In order to gain some insight into the mechanism of the low yield formation of 3, a DFT study was undertaken (see Scheme S1 in the ESI †). It seems plausible that the C-C bond forming step consists in the coupling of two acylchloride units, accompanied by the release of HCl and assisted by the amine (see Scheme S1, † E / F / G). Indeed the side reactions NH We reckoned that the easily available [NbCl 6 ] À anion could provide stability also to other unstable/unknown a-ammonium acylchloride cations (see above). Therefore, we tried to optimize 
125.2 (6) a Symmetry transformation used to generate C(1_1): Àx + 1, Ày, Àz + 1.
and generalize the synthetic procedure shown in Scheme 6. The corresponding [NbCl 6 ] À a-ammonium acylchloride salts, 5a-b, were isolated at room temperature in 40-50% yields (Scheme 7). The presence of [NbCl 6 ] À in 5a-b was unambiguously detected by a typical 93 Nb NMR resonance around 0 ppm. 13c,33 The structure of 5a was determined by X-ray diffraction (Fig. 4 Scheme 7 Formation of otherwise unstable a-ammonium acylchloride cations from a-amino acids and niobium and tungsten chlorides. been previously observed in a number of cases by interaction with organic compounds.
38,39
All the a-ammonium acylchloride cations produced from PCl 5 /NbCl 5 and PCl 5 /WCl 6 were fully characterized by IR and NMR spectroscopy, and those cations derived from L-N,Ndimethylphenylalanine and L-methionine are reported here for the rst time. The chloro-acyl moiety manifests itself by a strong IR absorption in the region 1765-1783 cm À1 , other than the 13 C NMR resonance in the range 169.0-171.7 ppm.
Reactivity of MCl n with a-amino acid esters
Preparation of a-amino acid ester hydrochlorides and a-amino acid esters. The a-amino acid ester derivatives, 8, were prepared from the corresponding hydrochlorides, 8$HCl, which were in general isolated (Scheme 8). Although most of the compounds 8 and 8$HCl have been already appeared in the literature, 40 we decided to collect their preparations and IR and NMR data in this paper, in view of possible modications to the reported procedures or additional spectroscopic data.
Reactions with niobium and tantalum pentahalides. The reactions of a-amino acid esters with NbF 5 are oen non selective, affording in most cases mixtures of products where the only recognizable compounds are the scarcely soluble ammonium ester salts [RCH(NH 3 )COOR 0 ][NbF 6 ]. These might be formed as a consequence of some activation reaction or the adventitious presence of water. 41 We were able to isolate satisfactory yields of well dened coordination compounds only in two cases (Scheme 9).
Compound 9 can be viewed as a coordination compound resulting from the unsymmetrical rupture of the structure of NbF 5 (a tetramer in the solid state 17a ). 13c,42 The IR spectrum shows a strong absorption at 1648 cm À1 , attributed to the stretching vibration of the C]O bond belonging to the ester function. The ca. 100 cm À1 shi to lower wavenumbers is in agreement with the coordination of the carbonyl moiety to niobium. The shi of the absorptions due to the stretching of the amino group from 3380 cm À1 (in 8k) to 3232 cm À1 (in 9)
suggests that also the nitrogen atom is involved in the coordination to the metal centre. It worth noting that the majority of coordination complexes containing a-amino acid ester ligands are based on late transition metals (Ru, Os, Co, Rh, Pt, Zn) . 44 Only few examples are known with group 6 elements 45 and also derivatives of group 4 and group 5 metals are very rare.
The reaction of NbF 5 with L-proline ethyl ester, 8b, revealed a different outcome, and 10 was obtained under the same conditions employed for NbF 5 /8k. The use of Nb/8b molar ratio ¼ 2 afforded 10 with the best yield (Scheme 9). Ethyl uoride was NMR identied as a co-product of the reaction performed in CD 2 Cl 2 in a closed tube, while L-proline was recovered aer hydrolysis of the reaction mixture. These experimental facts support the presence in 10 of a carboxylato moiety originated from the cleavage of the ester function.
Compound 10 is a colourless solid whose salient spectroscopic features are two IR bands at 3381 cm À1 (N-H) and 1636 ), respectively. These data suggest a bidentate N,O-coordination of the a-amino carboxylate ligand. Dinuclear geometries with the a-amino acidate as bridging ligand were ruled out by DFT calculations. The optimized geometry of the cation of 10 is depicted in Fig. 6 (see also Fig. S5 given as ESI †).
We extended the present study to the interaction of a-amino acid esters with the heavier niobium pentahalides. These reactions led to complicated mixtures of metal products, with presumable activation of the organic substrates. Only in a few cases, all involving the metal pentachlorides, a clean reaction pathway was observed (Scheme 10).
All the identied products, 11a-d and 12, are colourless to pale yellow solids, being scarcely soluble in organic solvents. Spectroscopic considerations discussed for 10 are valid also for 11a-d, thus suggesting the bidentate N,O coordination of two aamino acid ester ligands to the same metal centre within a cation. The presence of the [NbCl 6 ] À anion in 11a-c is the consequence of unsymmetrical cleavage of the dinuclear NbCl 5 structure, 13c,33,46 and was unambiguously evidenced by a sharp 93 Nb NMR resonance occurring in the interval 4-13 ppm.
13c,33
DFT calculations were carried out on the cation of 11a, considering either one or two a-amino acid esters in the niobium sphere. The coordination of another equivalent of the a-amino acid ester to [NbCl 4 (Me 2 CHCH 2 CHNH 2 CO 2 Me)] + resulted a favourable process, being the associated DG variation The cation is represented in Fig. 8 , and the related bonding parameters are reported in Table 3 . A view of the structure of the anion is given in Fig. S6 , † the relevant bonding parameters being collected in Table S2A . † H-bonds between the NH 3 -group of the cation and the chlorides of [NbCl 6 ] À are present within the crystals (see Table S2B † for details). Compound 12 crystallizes in the chiral space group P2 1 and the C(2) atom of the aamino acid ester ligand displays S absolute conguration. The source of protonation leading to 12 is not clear, being possibly the result of some activation of the organic reactant promoted by the strongly acidic niobium chloride. Nevertheless, the occurrence of fortuitous hydrolysis might play some role and should not be ruled out.
12 represents the second crystallographically characterized example where a cationic a-amino acid ester is coordinated to any metal centre, and the rst one where the coordination occurs via oxygen. In fact, previous to this work, only the structure of a Ru(II) complex containing a h 6 -bonded L-phenylalaninium methyl ester was reported. 47 More commonly, aamino acid esters act as ligands in the neutral form RCHNH 2 -CO 2 R 0 , via the N-atom or both N and O.
44,45
We moved to study the reaction of NbCl 5 with L-serine isopropylester, 8h, i.e. a a-amino acid ester bearing a peripheral OH group and potentially acting as a pincer ligand. ), thus indicating that the ester group is not involved in coordination. À anion is reported in Fig. S6 . † Displacement ellipsoids are at the 50% probability level. À anion are reported in Tables S2A and S2B Nb(2)-Cl (7) 2.3555 (9) Nb(2)-Cl(8) 2.2641(10) Nb(2)-Cl (9) 2.3318(10) Nb(2)-Cl (10) 2.3250(10) Nb(2)-Cl (11) 2.2918 (9) Nb (2) (10) 174.26(3) Cl ( (Fig. 9) as the most probable geometry. A positive Gibbs energy variation (about 3.5 kcal mol À1 ) is accompanied to the dimerization of this species to the dinuclear form (see Fig. S7 and S8 † for more details). We could not cleanly isolate metal products from MBr 5 /aamino acid ester (M ¼ Nb, Ta). However, NMR investigations outlined the release of ethyl bromide from L-proline ethylester, in the presence of MBr 5 (see Experimental for details).
Conclusions
The reactions of TiCl 4 with a series of a-amino acids do not proceed with HCl release, in spite of the Lewis acidic character of the metal centre, and afford dinuclear coordination compounds containing zwitterionic ligands. Deprotonation of the ammonium function may be easily promoted by the addition of triethylamine, resulting in a modication of the coordination fashion of the a-amino acidic frame. On the other hand, the interaction of L-proline with NbCl 5 /NHEt 2 has provided the rst example of C-C bond forming selfcondensation of a a-amino acid, although in modest yield. The overall transformation may be regarded as a Lewis acid induced intramolecular redox reaction, in which the carboxylate group is reduced and the pyrrolidine ring is oxidized. The combination of NbCl 5 or WCl 6 with the chlorinating power of PCl 5 has been exploited to develop a simple synthetic method affording isolable salts of otherwise unstable a-ammonium acylchloride cations. a-Amino acid esters usually behave as bidentate O,N-ligands towards niobium and tantalum pentahalides, however activation of the ester function with release of alkyl halides has been observed in some cases.
Experimental
General Warning: all the metal products reported in this paper are highly moisture-sensitive, thus rigorously anhydrous conditions were required for the reaction and crystallization procedures. The reaction vessels were oven dried at 140 C prior to use, evacuated (10 À2 mmHg) and then lled with argon. TiCl 4 , NbX 5 (X ¼ F, Cl), PCl 5 and WCl 6 were purchased from Strem (>98% purity) and stored in sealed tubes under argon atmosphere. NbBr 5 and TaBr 5 were prepared according to literature procedures and stored under argon atmosphere. 48 Once isolated, the metal products were conserved in sealed glass tubes under argon. The organic reactants were commercial products (Sigma-Aldrich) stored under argon atmosphere as received.
Solvents (Sigma-Aldrich) were distilled before use from appropriate drying agents. Chromatographic purication of organic products was carried out on columns of deactivated alumina (4% w/w water). Infrared spectra were recorded at 298 K on a FT IR-Perkin Elmer Spectrometer, equipped with a UATR sampling accessory. NMR spectra were recorded at 293 K on a Bruker Avance II DRX400 instrument equipped with a BBFO broadband probe. Cl 6 NNb: C, 20.03; H, 3.84; N, 3.34; Cl, 50.67. Found: C, 19.84; H, 3.75; N, 3.20; Cl, 49.95 Reactions of a-amino acids with PCl 5 /NbCl 5 : synthesis of
General procedure. A suspension of PCl 5 (169 mg, 0.81 mmol) and NbCl 5 (220 mg, 0.81 mmol) in CH 2 Cl 2 (10 mL) was stirred at room temperature for 2-3 h. Then the appropriate a-amino acid (0.81 mmol) was added. The resulting mixture was stirred at room temperature for 2 h. The solution was concentrated to 3-5 mL, then it was layered with pentane and stored in the freezer (À30 C) for one week. Cl 7 NNbO: C, 25.49; H, 2.92; N, 2.70; Cl, 47.88; Nb, 17.92. Found: C, 25.23; H, 2.80; N, 2.67; Cl, 47.60; Nb, 18.10 8.70; H, 1.70; N, 3.38; Cl, 59.92; Nb, 22.43. Found: C, 8.80; H, 1.59; N, 3.31; Cl, 59.60; Nb, 22.55 
Synthesis of a-amino acid ester hydrochlorides
These compounds were obtained by a slight modication of the literature procedures. Procedure A (compounds 8a-d·HCl). A 250 mL ask was charged with the appropriate alcohol (120 mL)/a-amino acid (ca. 35 mmol) combination. SOCl 2 (12 mL, 170 mmol) was slowly added (3 h) to the suspension under vigorous stirring at room temperature. Aer 24 h stirring, volatiles were removed in vacuo at room temperature. The residue was suspended in Et 2 O (50 mL) for 4 h. The suspension was ltered and the resulting solid was dried in vacuo at 40 C.
Procedure B (compounds 8e-i·HCl). SOCl 2 (10 mL, 138 mmol) was slowly added (30 minutes) at 0 C to the alcohol (80 mL) in a 500 mL Schlenk tube. The solution was then allowed to reach room temperature and the a-amino acid (24 mmol) was introduced. The mixture was reuxed for 8 h and a pale yellow solution was obtained. Aerwards, the volatiles were removed in vacuo and the residue was suspended in Et 2 O (50 mL) for 2 h. The suspension was ltered and the resulting solid was dried in vacuo at 40 C.
L-Proline methylester hydrochloride, 8a·HCl. (br, 1H, CH); 3.72 (s, 3H, OMe); 3.42 (m-br, 2H, CH 2 ) ppm. Synthesis of a-amino acid esters. Three different procedures were adopted. Compounds 8a-g were prepared by treating the appropriate a-amino acid ester hydrochloride with NH 3(aq) as described in detail for 8a. Compounds 8h-j were prepared by treating the appropriate a-amino acid ester hydrochloride with NaOH (aq) as described in detail for 8h. Compounds 8k-l were obtained directly from the appropriate alcohol/a-amino acid (ca. 50 mmol) combination, followed by treatment with NH 3(aq) ; attempts to isolate (8k-l)·HCl led to mixtures of products.
L-Proline methylester, 8a.
40a,c Compound 8a·HCl (10.2 g, 60.4 mmol) was dissolved into CH 2 Cl 2 (100 mL) and the solution was treated with a 28% w/w NH 3 aqueous solution until neutrality. The mixture was le stirring at room temperature for 24 h. The phases were separated and the aqueous layer was extracted with CH 2 Cl 2 (2 Â 50 mL). The organic phase was ltered through an alumina pad and solvent was removed by distillation at 40 C and p ¼ 700 mbar. The product was obtained as a pale orange liquid, which was stored under argon. Yield 4.71 g (60% : C, 25.24; H, 4.54; N, 4.20; Nb, 27.89. Found: C, 25.01; H, 4.1; N, 4.01; Nb, 25.71 Synthesis of , 10. Compound 10 was prepared by a procedure analogous to that described for the synthesis of 9, from NbF 5 (222 mg, 1.18 mmol) and 8b (85 mg, 0.59 mmol). Yield 167 mg (60%). Anal. calcd for C 5 H 8 -F 9 NNb 2 O 2 : C, 12.75; H, 1.71; N, 2.97; Nb, 36.46. Found: C, 12.70; H, 1.61; N, 3.03; Nb, 36.27 : C, 20.24; H, 3.64; N, 3.37; Cl, 42.68; Nb, 22.37. Found: C, 20.05; H, 3.18; N, 3.27; Cl, 42.98; Nb, 23.13 : C, 11.64; H, 2.23; N, 1.94; Cl, 54.01; Nb, 25.74. Found: C, 11.75; H, 2.16; N, 1.98; Cl, 53.70; Nb, 25.55 : C, 22.38; H, 3.99; N, 3.26; Cl, 41.28; Nb, 21.64. Found: C, 22.25; H, 4.06; N, 3.16; Cl, 41.70; Nb, 21.29 A sample of 13 was suspended in D 2 O (1 mL) with vigorous stirring for 14 h.
53 NMR analysis of the solution revealed the presence of 8h only (pH ¼ 1.8).
MBr 5 (M ¼ Nb, Ta) mediated formation of EtBr from L-proline ethylester
The reactions of MBr 5 (ca. 0.50 mmol) with 8b (0.50 mmol) were carried out in CD 2 Cl 2 (ca. 1 mL). Subsequent NMR analysis pointed out the formation of a complicated mixture of compounds, including ethyl bromide.
52
In a different experiment, the mixture obtained from NbBr 5 /8b was eliminated of the volatile materials; the residue was dissolved into CD 3 CN (0.6 mL) and then treated with H 2 O (ca. 0.2 mL).
53 A yellow solution was separated from an abundant precipitate, and 13 C NMR analysis of the solution evidenced the presence of L-proline only.
X-ray crystallographic studies
Crystal data and collection details for 3, 4, 5a and 12 are reported in Table 4 . The diffraction experiments were carried out on a Bruker APEX II diffractometer equipped with a CCD detector and using Mo-Ka radiation (l ¼ 0.71073Å). Data were corrected for Lorentz polarization and absorption effects (empirical absorption correction SADABS). 55 Structures were solved by direct methods and rened by full-matrix leastsquares based on all data using F 2 . 56 All non-hydrogen atoms were rened with anisotropic displacement parameters. All hydrogen atoms were xed at calculated positions and rened by a riding model, except hydrogens bonded to N(1) in 4, 5a and 12 which were located in the Fourier map and rened isotropically using the 1.2 fold (for 4 and 5a) and 1.5 fold (for 12) U iso value of the parent N-atom. The N(1)-H distances were restrained to 0.93Å (s.u. 0.02).
Computational studies
The computational geometry optimizations were carried out without symmetry constrains using the hybrid-GGA EDF2 functional, 57 in combination with the 6-31G** basis set (ECPbased LANL2DZ basis set for elements beyond Kr).
58 The "restricted" formalism was applied in all cases. The soware used was Spartan 08. 59 Further computational geometry optimizations were carried out without symmetry constrains, using the hyper-GGA functional M06, 60 in combination with a polarized basis set composed by the 6-31G(d,p) set on the light atoms and the ECP-based LANL2TZ(f) on the metal centre. 61 The C-PCM implicit solvation model (3 ¼ 9.08) was added to M06 calculations.
62 Gaussian '09 was used as soware. 63 All the stationary points were characterized by IR simulations (harmonic approximation), from which zero-point vibrational energies and thermal corrections (T ¼ 298.15 K) were obtained. 64 Vibrational simulation supported the interpretation of experimental IR data. Cartesian coordinates of the optimized geometries are collected in a separated. xyz le.
